over the TA [189.7 kPa (mean difference) 95 % CI 14.2-145.2 kPa]. There was no significant difference in PPTs in men between healthy controls and those with low back pain, suggesting the significant differences are mediated primarily by difference between women.
Introduction
Low back pain (LBP) is an important public health problem (Airaksinen et al. 2006; Koldas Dogan et al. 2008; Delitto et al. 2012) , is very prevalent (Airaksinen et al. 2006) and often persists for years or decades (Neziri et al. 2012) . People with chronic low back pain have exaggerated pain responses to stimulation of peripheral tissues that are distant from the site of primary symptoms (Giesecke et al. 2004; Giesbrecht and Battie 2005; Latremoliere and Woolf 2009; Tamcan et al. 2010 ) and may demonstrate changes in the muscles, ligaments or joints; however, the severity of these structural dysfunctions weakly correlates with the clinical presentation and in most cases is not directly related to radiological findings (Chou et al. 2011) . Substantial improvements in people with chronic low back pain are rare, causing most people to have to live with chronic pain (Tamcan et al. 2010) .
Alterations in central nociceptive processes after peripheral lesions have been extensively documented in animal models and provide evidence for sensitization at different sites of the central nervous system (Giesecke et al. 2004) . This is suggestive for a widespread augmentation of central nociceptive processes. From a management perspective, it Abstract Quantitative sensory testing is widely used in human research to investigate the state of the peripheral and central nervous system contributions in pain processing. It is a valuable tool to help identify central sensitization and may be important in the treatment of low back pain. The aim of this study was to evaluate changes in local and segmental hypersensitivity and endogenous pain inhibition in people with chronic nonspecific low back pain. Thirty patients with chronic low back pain and thirty healthy subjects were studied. Pressure pain thresholds (PPTs) were measured from the lumbar region and over the tibialis anterior muscle (TA) . A cold pressor test was used to assess the activation of conditioned pain modulation (CPM), and PPTs in the lumbar region were recorded 30 s after immersion of participant's foot in a bucket with cold water. People with chronic low back pain have significantly lower PPT than controls at both the lumbar region [89.5 kPa (mean difference) 95 % CI 40. is highly important to reduce pain intensity and to minimize the duration of pain (Carli et al. 2002; Fernandez-deLas-Penas et al. 2007; Nijs et al. 2011) . Furthermore, the selected set of pain assessments and the composite score of pain sensitivity could serve as a clinically applicable quantitative sensory pain assessment in the examination of LBP (O'Neill et al. 2014) . Enhanced excitability in the central nervous system is an important phenomenon observed in people with chronic low back pain (O'Neill et al. 2007; Nijs et al. 2010; Imamura et al. 2013 ) and occurs in a variety of chronic pain conditions (Clauw et al. 1999; Huppe et al. 2004; Jensen et al. 2010; Pollard et al. 2012) . One of the descending inhibitory mechanisms that modulates pain processing is diffuse noxious inhibitory controls (DNIC) (Yarnitsky et al. 2010; Nir and Yarnitsky 2015) . In animals, activity of dorsal horn nociceptive neurons is attenuated in response to noxious stimuli applied to a remote area of the body. In humans, this is referred to as conditioned pain modulation (CPM) and results in an increase in pain threshold outside the site of noxious stimuli (Villanueva et al. 1996; Pielsticker et al. 2005; Arendt-Nielsen et al. 2008; Pud et al. 2009 ). Activation of CPM reduces neuronal activity of the spinal cord dorsal horn, decreasing pain and hyperalgesia in animals (Bouhassira et al. 1992) and humans (Bouhassira et al. 1992; Maixner et al. 1998; Meeus et al. 2008; Villanueva 2009; Pollard et al. 2012; Roussel et al. 2013) . A recent systematic literature review compared the efficacy of CPM between chronic pain and healthy populations and concluded that CPM is impaired in populations with chronic pain (Lewis et al. 2012) . The sex and age of participant were relevant moderators influencing effect size. CPM is reduced with age and is more impaired in females with chronic pain conditions compared to males with chronic pain conditions (Lewis et al. 2012) . However, studies that have examined the responsiveness to various noxious stimuli in patients with chronic low back pain are controversial with studies favoring (Clauw et al. 1999; Giesecke et al. 2004; Giesbrecht and Battie 2005; Laursen et al. 2005) , rejecting (Peters et al. 1992; Diers et al. 2007; Meeus et al. 2010) or with mixed results (O'Neill et al. 2007 ) for enhanced excitability in people with chronic LBP.
There is considerable variation in sensitivity to pain in the general population (Rolke et al. 2006) , and the study of pain modulation characteristics may be an important factor in understanding the chronicity of pain. Given the increasing evidence supporting the clinical significance of central excitability in unexplained chronic pain, including chronic LBP, awareness is growing that central sensitization should be a treatment target (Nijs et al. 2011) . Therefore, the aim of this study was to evaluate local and segmental pressure pain threshold and endogenous pain inhibition in people with chronic nonspecific low back pain in both men and women. The hypothesis of this study is that people with chronic low back pain have reduced PPT and deficiency in the CPM when compared to healthy subjects.
Materials and methods

Design of study
Thirty people with chronic nonspecific low back pain were recruited. Participants with low back pain were recruited from the physiotherapy clinic at the Universidade Cidade de São Paulo-UNICID/Brazil. To be included in the study, people must have experienced back pain for at least 3 months and have reported a minimal pain level of 3 on the 0-10 pain numerical rating scale (NRS) (Costa et al. 2008) in the last 7 days. Patients were excluded if they had taken pain medications on the day of the assessment or if they had serious spinal pathologies, such as fractures, tumors or inflammatory diseases, such as ankylosing spondylitis, nerve root compromise confirmed by clinical neurological tests (disk herniation and spondylolisthesis with neurological involvement, narrowing of spinal canal and other conditions) or severe cardiorespiratory diseases. Those who were pregnant, patients with cancer and those with a cardiac pacemaker were also excluded.
We classified patients as having chronic nonspecific low back pain using the diagnostic triage as recommended by the European Guidelines (Airaksinen et al. 2006) as well as by the American Physical Therapy Association Guidelines (Delitto et al. 2012) for the management of patients with low back pain.
Thirty asymptomatic healthy subjects were also recruited to form a control group. The controls were matched for sex and age in relation to the low back pain group. These participants must not have presented episodes of low back pain for more than 7 days in the last 12 months. Individuals aged 30-80 years and of both sexes were included in both groups.
The sample size was calculated based on a difference of 100 kPa between low back pain subjects and healthy controls during a CPM test, with a standard deviation of 87 kPa. The magnitude of pain inhibition during a CPM test was obtained from previous data on CPM and PPT in healthy controls by our research team (Correa et al. 2013; Liebano et al. 2013) . At a significance level of 0.05 and power of 95 %, it was calculated that a minimum of 21 participants was required in each group (Minitab, v. 15, State College, PA) . To allow for attrition, 30 participants were recruited for each group.
Evaluation
The study was approved by the UNICID Ethics and Research Committee. After the study participants' eligibility was evaluated, they were given information about the study and asked to sign the consent form to participate in the study. A demographic questionnaire was used to collect data related to sex, age, body mass index, pain intensity and duration of pain of the participants. An examiner was responsible for recording pain measures, and another examiner was responsible for application of the assessments.
Measurement instruments
Numerical rating scale for pain (NRS)
The NRS evaluates levels of pain intensity using an 11-point scale (range 0-10), with 0 being classified as "no pain" and 10 "pain as bad as could be." Pain evaluation was assessed verbally by having people report pain intensity for the last 7 days as a criterion for inclusion in the study. The instrument used has been translated and cross-culturally adapted for the Brazilian population (Costa et al. 2008) .
Pressure pain threshold (PPT)
Pressure pain thresholds were measured over the lumbar region (paravertebral musculature) and the tibialis anterior muscle using a Type II digital pressure algometer (Somedic Inc., Hörby, Sweden). The algometer used a circular probe algometer (of 1 cm 2 area), and pressure was applied at a rate of 50 kPa/s. A total of two measurements (ArendtNielsen et al. 2010; Dailey et al. 2013) were collected from each area, separated by a 30-s interval and averaged.
The evaluating researcher conducted a preliminary study of intra-examiner reliability for PPT measurement of the evaluation points that were used in the study. Intra-examiner reliability for PPT measurements was estimated by calculating the intra-class correlation coefficients (type 3,2) for the tibialis anterior muscle (0.91; 95 % CI 0.31-0.95) and lumbar muscles (0.82; 95 % CI 0.65-0.97), which represent excellent reliability.
A measuring tape and a pen were used to mark the algometry evaluation points. The participant remained seated in a chair with upper limbs supported on a table, and then, two points were marked bilaterally, the first located 5 cm lateral to the L3 spinous process (Meeus et al. 2010; Correa et al. 2013 ) and the second 5 cm lateral to the L5 spinous process (Schenk et al. 2007; Correa et al. 2013) . A point was also marked over the tibialis anterior muscle of the right leg 5 cm from the tibial tuberosity (ArendtNielsen et al. 2010; O'Neill et al. 2011; Dailey et al. 2013) . Familiarization with the PPT was performed by applying the pressure twice for each patient on the dominant forearm extensor muscles to ensure that the test was understood. If there was any doubt, a third demonstration was performed.
During PPT measurement, the algometer was positioned perpendicular to the skin. The participants were asked to press and release a button when the sensation of pressure became a clear pain sensation. If the participant failed to report pain to a pressure of 1000 kPa, the test was stopped, and this value was recorded as the PPT (Liebano et al. 2011) .
Activation of conditioned pain modulation (CPM)
A cold pressor test was used to induce pain and trigger the CPM response (Knudsen and Drummond 2009; Dailey et al. 2013 ). The conditioned stimulus was immersion of the leg in a bucket of ice water (2 min, 3 cm above lateral malleolus) on the side ipsilateral to the most painful lumbar region. If there was bilateral pain, the subject was instructed to report the more painful side (Neziri et al. 2012) . If there was no consensus on the more painful side, the right leg was used. In volunteers without pain, the right leg was used. The lumbar PPT was recorded beginning 30 s after immersion of the leg (Neziri et al. 2012 ) with two PPT measures for each point. PPTs during CPM were compared to baseline PPTs. An interim analysis, using t test for independent samples, showed that women with LBP had lower PPT than men with LBP. Thus, a secondary analysis was performed to examine the relationship between sex and PPT.
Statistical analysis
Results are expressed as mean and standard deviations (SD). An average of the two PPT scores recorded at each site was used for analysis. Descriptive statistics were calculated for all variables, and the data were normally distributed (calculated by the Shapiro-Wilk test). Pain intensity and the PPT change data were therefore analyzed using a t test for independent samples. Associations among pain intensity, duration of pain, tibialis anterior PPT and PPT differences from baseline during CPM tests were assessed using Pearson's product-moment correlation coefficients. Statistical significance was set at p < 0.05. All analyses were performed using Statistical Package for Social Sciences (version 17.0; SPSS Inc., Chicago, IL) and Microsoft Excel 2007.
Results
Of a total of 36 people with chronic low back pain who were evaluated, 30 were included in the study from February to May 2013. The reasons for exclusion were: fibromyalgia (n = 1), previous back surgery (n = 1), lumbar pain due to nerve root compromise (n = 1), vertebrae fracture (n = 1) and pain intensity lower than 3 on the numerical pain scale (n = 2). The characteristics of study participants are described in Table 1 .
Lumbar PPT and tibialis anterior PPT
People with nonspecific chronic low back pain had significantly lower pressure pain thresholds in the lumbar region (mean = 253 kPa, SD = 6.5) when compared to the control group (mean = 342.5 kPa, SD = 127.7) (betweengroup difference = 89.5 kPa, 95 % CI 40.9-131.1 kPa; p = 0.001). Similarly, PPT recorded over the tibialis anterior muscle (region segmental to the primary pain site) in people with chronic low back pain (mean = 262.4 kPa, SD = 93.1) was significantly lower when compared to the control group (mean = 321.8 kPa, SD = 84.5) (betweengroup difference = 59.4 kPa, 95 % CI 13.5-105.4 kPa; p = 0.012). The PPTs for lumbar and tibialis anterior for the two groups are summarized in Table 2 .
When stratified by sex, women with nonspecific chronic low back showed lower PPTs over lumbar area (212.3 kPa, SD = 63.5) when compared to healthy women (327.4 kPa, SD = 88.02) (between-group difference = 115.2 kPa, 95 % CI 63.7-116.6 kPa; P = 0.001). In the tibialis anterior region, women with chronic low back again presented lower PPT (mean = 120.5 kPa, SD = 73.9) when compared to healthy women (mean = 315.3 kPa, SD = 88.6) (betweengroup difference = 194.8 kPa, 95 % CI 271.3-359.3 kPa; P = 0.004). In men, PPTs from the lumbar and tibialis anterior region were similar between those with chronic low back pain and healthy controls. When comparing PPTs from lumbar area in men (mean = 314.0 kPa, SD = 107.5) with women (mean = 212.3 kPa, SD = 63.5) in the low back pain group, women had lower PPTs (betweengroup difference = 101.7 kPa, 95 % CI 37.9-165.7 kPa; P = 0.003). Similar results were observed when comparing PPTs recorded over the tibialis anterior muscle in women (mean = 120.5 kPa, SD = 73.9) with men (mean = 310.2 kPa, SD = 101.3) in the low back pain group (between-group difference = 189.7 kPa, 95 % CI 14.2-145.2 kPa; P = 0.02; Table 3 ). No significant differences in PPTs were observed between men and women in the healthy control group. Thus, the differences observed in PPTs in those with chronic low back pain are due primarily to differences in women and not men.
Conditioned pain modulation (CPM)
People with nonspecific chronic low back pain showed a statistically significant decrease in lumbar PPT (mean = −47.17 kPa, SD = 73.3) during the cold pressor test when compared to the control group which showed an increase in PPT (mean = 71.4, SD = 83.8). There was a significant difference between the change in PPT between the healthy controls and those with chronic low back pain (between-group difference = 118.6 kPa, 95 % CI 77.9-159.2 kPa; P < 0.001; Table 2 ). When stratified by sex, both men and women in the low back pain group showed a decrease in PPT below baseline when compared to healthy control, which showed increases in PPT (Table 3 ). There were no differences between sexes in the difference score during CPM.
Correlation between pain intensity and duration and pain excitability and inhibition
There was no correlation between the intensity of pain over the last week and PPT over the tibialis anterior muscle (r = −0.08, P = 0.68) or between pain duration (r = −0.09, P = 0.65) and PPT over the tibialis anterior muscle in the group with chronic nonspecific low back pain. There was also no correlation between the intensity of pain during the last week and difference in PPT during CPM (r = 0.008, P = 0.97) or between the duration of pain and difference in PPT during CPM (r = 0.18, P = 0.34) in those with chronic low back pain.
Discussion
The current study showed a decrease in the PPT at the primary pain site in the lumbar spine and in the segmental pain area over the tibialis anterior when compared to healthy controls matched for sex and age, agreeing with prior studies (Clauw et al. 1999; Giesecke et al. 2004; Giesbrecht and Battie 2005; Laursen et al. 2005; Imamura et al. 2013) . Our findings extend those of prior studies showing a significant difference between those with chronic low back pain and healthy controls only in women but not men (Popescu et al. 2010; Martel et al. 2013) , suggesting that the differences in PPT between subjects with low back pain and healthy controls are primarily driven by changes in women who have enhanced widespread sensitivity.
Local and segmental hypersensitivity
The decrease in PPT at both the primary pain area and segmentally in those with low back pain shown in the current study, and in prior studies (O'Neill et al. 2007 (O'Neill et al. , 2011 Staud 2011; Neziri et al. 2012; Imamura et al. 2013; Mlekusch et al. 2013) , suggests the existence of both primary and secondary hyperalgesia in people with chronic low back pain. It is generally accepted that sensitized central neurons amplify sensory input arising from the site of tissue damage and receptive fields of sensitized neurons expand to result in secondary hyperalgesia and pain (DeSantana et al. 2008) . Despite the fact that several studies point toward altered central processing in people with chronic low back pain, the results are still controversial (Peters et al. 1992; Meeus et al. 2010; Imamura et al. 2013) . Reduced pain threshold at the primary pain site and in locations removed from the primary pain site suggests generalized hyperalgesia (Clauw et al. 1999; Giesecke et al. 2004; Laursen et al. 2005) . Segmentally, however, there are mixed results (Peters et al. 1989; Diers et al. 2007; O'Neill et al. 2007) .
The discrepancies between studies may be attributed to some methodological problems, such as small sample sizes, use of drugs and evaluation criteria for inclusion of people with low back pain. Alternatively, the differences between studies could be related to sex differences since we show significant differences in PPTs between healthy controls and women with low back pain, but not men. It is well recognized that women have lower PPTs than men (Popescu et al. 2010) ; however, the finding that decreases in PPTs only occurred in women when compared to healthy controls is novel. Chronic pain is more common in women than men, including chronic low back pain (Berkley 1997; Greenspan et al. 2007; Boyan et al. 2013; Martel et al. 2013) . Females have greater central excitability on a number of measures-temporal summation, secondary hyperalgesia, referred pain 1 3 (Peters et al. 1992; Leffler et al. 2002; Sarlani et al. 2007; Shah et al. 2008; Knudsen and Drummond 2009; Meeus et al. 2010; Arendt-Nielsen et al. 2011 ) and decreased inhibition-CPM Popescu et al. 2010; Martel et al. 2013; Roussel et al. 2013) . Indeed, in an animal model of muscle pain, female mice developed widespread hyperalgesia, while males developed localized hyperalgesia; female mice had longer-lasting hyperalgesia, and hyperalgesia was easier to induce in female mice (Gregory et al. 2013) . The cause of the sex differences is not fully understood, but assumed to include physiological, psychological and environmental factors ).
Conditioned pain modulation
In the present study, both men and women with chronic low back pain had significantly lower local PPT values than healthy subjects during CPM, suggesting a deficiency of the endogenous descending inhibitory system in both sexes. In a variety of chronic pain conditions, there is a loss of CPM (Lautenbacher and Rollman 1997; Laursen et al. 2005; Knudsen and Drummond 2009) , agreeing with our findings in people with chronic low back pain. On the other hand, a prior study shows no difference in CPM in people with chronic low back pain compared to healthy subjects. However, the conditioned stimulus was a 12 °C water bath (Julien et al. 2005) , as compared to 4 °C in the current study. Thus, differences could be related to the intensity of the conditioning stimulus, and in people with chronic low back pain, CPM may only be deficient at higher intensities (Julien et al. 2005) . Alternatively, we examined PPT values during CPM over the painful area (lumbar), while prior studies measured PPT values outside area of pain (leg and upper trapezius) (Knudsen and Drummond 2009; Martel et al. 2013) . It is possible that CPM deficits occur in the primary or segmental sites of pain (Dailey et al. 2013) , and sites that are extrasegmental are unaffected. Our results are in agreement with previous studies that showed no differences between the sexes in CPM (France and Suchowiecki, 1999; Baad-Hansen et al. 2005; Pud et al. 2005) . Nevertheless, other studies showed less efficient CPM in women than men (Staud et al. 2003; Ge et al. 2004; Arendt-Nielsen et al. 2008; Granot et al. 2008; Martel et al. 2013) . Therefore, differences in CPM effect between sexes may depend on both the experimental methodology and the modes of measurement of the effect (Popescu et al. 2010) .
Associations between pain measures
Deficiencies in endogenous pain modulation are thought to contribute to changes in pain sensation (O'Neill et al. 2007; Knudsen and Drummond 2009) . Surprisingly, the current study saw no associations between clinical pain measures of pain intensity and duration, and quantitative sensory testing measures of PPT and CPM. Similar to the current study, Mlekusch and colleagues showed no association between measures of widespread central hypersensitivity (pressure pain tolerance threshold at the second toe and tolerance time during cold pressor test at the hand) or altered CPM at baseline with pain intensity at 12-to15-month follow-up in people with chronic low back pain and neck pain (Mlekusch et al. 2013) . In a prospective study, Le Resche showed psychophysical test measures were not significant predictors of low back pain (4 months) (LeResche et al. 2013) . The lack of association between clinical pain intensity and duration, and quantitative sensory testing measures suggests there may be other mechanisms that mediate pain intensity and pain duration in those with chronic low back pain that are not directly related to PPT and CPM measures.
Limitations
The present study has limitations, mainly related to the inclusion of a limited number of variables for examining the mechanisms underlying the stability of CPM. Future research in this area should examine the potential contribution of genetic, neurobiologic and other psychological factors as potential mechanisms underlying the stability of CPM. Future studies should also consider the influence of sex hormones or women's menstrual cycle when examining sex differences. In addition, the researchers responsible for tests applications and recording of pain measures were not blinded, which also represents a limitation of the study.
Clinical implications
Recent evidence suggests that heightened baseline pain sensitivity and reduced basal CPM place individuals at greater risk of experiencing severe, acute, clinical pain (Clauw et al. 1999; Carli et al. 2002; Giesbrecht and Battie 2005; Diers et al. 2007; O'Neill et al. 2007 O'Neill et al. , 2011 Meeus et al. 2010 ). More controversial is the hypothesis that such individual difference characteristics confer risk of, or protection against, chronic pain. Cross-sectional studies indicate that people with chronic pain conditions differ from painfree controls in their responses to traditional psychophysical pain sensitivity tests with chronic pain patients showing greater pain sensitivity (Clauw et al. 1999; Giesecke et al. 2004; King et al. 2009 ) and less CPM (Lautenbacher and Rollman 1997; Banic et al. 2004; Herren-Gerber et al. 2004; Pielsticker et al. 2005; King et al. 2009; John 2011; Dailey et al. 2013) .
The evaluation of these mechanisms may be important in the treatment of low back pain with the aim of decreasing enhanced excitability by increasing the pressure pain threshold and increasing central inhibition by activation of CPM. Moreover, conservative treatments (such as transcutaneous electric nerve stimulation (TENS), manual therapy or exercise) aim to desensitize the central nervous system and improve central inhibition (Nijs et al. 2011) . Indeed, prior studies show that TENS in those with fibromyalgia or osteoarthritis can increase pressure pain thresholds outside the site of stimulation (Dailey et al. 2013; Vance et al. 2012 ) and restore CPM (Dailey et al. 2013 ). Prior work also shows that exercise can increase CPM (Naugle and Riley 2014) and decrease central excitability (Bement and Sluka 2005) , and CPM predicts hypoalgesia produced by exercise (Lemley et al. 2015) . Thus, understanding the underlying mechanisms of chronic pain may help to target therapies designed to normalize pain physiology.
